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In spite ofits low intiinsic catalytic activity, gold can influence the activity and selectivity
of group VIII metals, such as palladium, platinum and ruthenium. Gold-containing
bimetallic catalysts have found important industsralapplications and rep resent an active
researcharea forelucidatingthecorrelation between suifacestructureandcatalytic activity.
Ina recent article in this journal the applications of elemental
gold in heterogeneous catalysis were reviewed with emphasis on
monometallic gold catalysts (1). In the present review, the
application of gold as a component in bimetallic catalysts is
discussed. Special attention is paid to examples of bimetallic
catalysts where the addition of gold appears to increase the catalytic
activity or significantly influence the selectivity of the catalyst.
Early work on bimetallic catalysts aimed at correlating the
catalytic behaviour and the electronic structure with alloy
composition. Alloys of palladium, a group VIII metal having in
excited states a partially unoccupied d-band, and gold with a
completely filled d- band were studied (2-6) and attempts were
made to interpret the results on the basis of the rigid band theory.
However, it turned out that the observed catalytic activities could
not unambiguously be correlated with increasing occupancy of d-
bands in.the alloys as a function of gold content. More recently,
strong arguments have been put forward in favour of localized
effects in catalysis where the two metal components in an alloy retain
more or less their individual electronic structures (7).
Adding gold to an active group VIII metal makes it possible to
study not only electronic but also structural effects in catalysis. In
reactions which require certain ensembles or clusters of active metal
atoms, the presence of gold atoms with intrinsically low catalytic
activity can dilute or disrupt such ensembles of active surface atoms
and thus cause precipitous drops in activity as a function of gold
content. Under certain conditions, the gold induced changes in
available active groupings of group VIII metal atoms can lead to
different selectivities. Of course, it is not always possi bie to clearly
disentangle structural from electronic or 'ligand' effects (8).
The preparation of bimetallic catalysts is not restricted to metal
components which are capable of forming solid solu tions over the
full composition range, but can also include elements which have
limited miscibility such as platinum and gold, or even complete
immiscibility. An example of the Jatter type is the ruthenium-gold
system. Bimetallic systems with limited bulk miscibility offer the
intriguing opportunity of investigatingwhether the bulk miscibility
limitations start to break down at very high metal dispersions. The
term 'bimetallic clusters' (9) or 'bimetallic aggregates' has been
coined to describe the as of yet not fully understood structures of
the metal particles in these bimetallic catalysts.
In the following, the effects of gold on the catalytic behaviour
of palladium, platinum and ruthenium will be reviewed. This
should make it possible to address fundamental questions of
bimetallic cluster and alloy formation, for palladium forms solid
solutions with gold over the entire composition range, while the
platinum-gold system displays limited bulk miscibility, and the two
metals ruthenium and gold are completely immiscible in the bulk.
Palladium-Gold
The two metals gold and palladium crystallize in a face-centred
cubic structure with lattice parameters of 0.4078 nm and 0.3890 nm,
respectively, and form a continuous series of solid solutions. The
standard free energy of single-phase alloy formation is negative over
a wide range of temperature (10). In view of the great similarity
between the atomic radii and the heats of vaporization of gold and
palladium, the surface compositions of their alloys should not
deviate markedly from the bulk compositions, at least under
vacuum conditions (11). Prolonged heating, in particular in
presence of oxygen, can lead to enrichment of the surface with gold
(12-15). Electron Spin Resonance (ESR) data obtained on alumina-
supported palladium-gold samples indicated that the gold
concentration at the surface of the alloys might be larger than in the
bulk even after hydrogen treatment at high temperatures (16).
Direct evidente for alloy formation in small, silica-supported gold-
palladium particles of 2 to 4.5 nm diameter was obtained in a
Mössbauer study; the results of selective gas chemisorption along
with data from wide-angle X-ray line broadening indicated that the
surface composition of these particles was similar to their overall
composition (17). The existence of Pd mAu. ensembles was also
confirmed by diffraction patterns obtained on gold-
palladium/silica catalysts used for hydrogenation of unsaturated
compounds (18).
In many instances, addition of gold to palladium results in a
decrease of catalytic activity relative to that of palladium itsel£ There
are, however, cases where this loss in activity is at least partially
counterbalanced by improvements in selectivity. For example, the
activity of gold-palladium alloys in the oxidation of ethylene was
much lower than that of palladium alone. However, the selectivity
for production of partial oxidation products such as acetic acid,
acetic anhydride and acetaldehyde went through a maximum when
the alloy composition reached about 80 per cent gold and 20 per
cent palladium (19, 20). As a possible explanation, the authors
suggested that the complete oxidation of ethylene would require
an adsorption of ethylene on adjacent palladium atoms, while the
partial oxidation would occur on single palladium sites. Adding
gold would decrease the availability of dual palladium adsorption
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sites, and thus favou r the partial oxidation (19). High selectivity for
acetic acid production via the catalytic vapour phase oxidation of
ethylene can also be obtained on supported gold-palladium
catalysts containing H,PO, (21) or SO, (22). A catalyst containing
gold, palladium and platinum in the form of precipitated metal
hydroxides was found to be suitable for the oxidation of propene to
malonic acid (23). Acetaldehyde can be oxidized to acetic acid on
silica-supported gold-palladium catalysts (24). Ina recent patent,
alloy wires containing more than 85 weight per cent palladium and
more than 3 weight per each of rhodium and gold were found to
have excellent performance in the catalytic oxidation of ammonia
to nitric acid (25).
While in the above examples catalytic activity was to a certain
extent sacrifïced at the expense of higher product selectivity, a
significant enhancement of the rate of the water formation from
interaction of hydrogen and oxygen (26) and for oxidative
dehydrogenation (27) was reported for silica-supported gold-
palladium catalysts. Figure 1 (taken from (26)) shows how the
turnover frequency for the H,-O, reaction (expressed in terms of
molecules of H, reacted per surface palladium atom per second)
goes through amaximum at intermediate gold content. Structural
effects such as dilution of active palladium ensembles by inactive
gold were ruled out as providing an explanation for the maximum
in view of the structure-insensitivity of the reaction between H,
and 0, over pure palladium, The fifty-fold increase in activity at
intermediate gold content was explained instead on the basis of a
ligand effect causing a decrease in the apparent activation energy
of the reaction; it was suggested that the binding energy of oxygen
to palladium decreases when palladium atoms are surrounded by
gold (26). The decrease in oxygen binding energy due to addition
of gold to palladium was confirmed in a comparative single crystal
study ofwatersynthesis on palladium (111) and palladium-gold (111)
surfaces (28). It was also found that the addition of gold to
palladium caused a drastic reduction in oxygen surface coverage.
In contrast to the findings on silica-supported gold-palladium
(26), the results of a single crystal study indicated that the pure
palladium (111) surface was more active than the corresponding
palladium-gold surface (28). Under the conditions of the single-
crystal experiment, the reaction probability was found to be 5 orders
of magnitude larger than in the atmospheric pressure study (26).
The seemingly contradictory results obtained at low-pressure versus
atmospheric pressure can be reconciled by the fact that one
prerequisite for the reaction is the ability of hydrogen to adsorb on
the surface in the form of a precursor state with high mobility. At
low pressure, the oxygen surface coverage of palladium is less than
12 per cent, leaving a large fraction of palladium surface sites
available to accommodate hydrogen. At atmospheric pressure
under excess oxygen, the palladium sites are almost completely
covered by oxygen, with only a few sites left for hydrogen adsorption.
Addition of gold leads to a decrease in oxygen coverage, even under




Fig. 1 Activity for water formation from H, and O,. at 263 K over
palladium-gold catalysts as afunctioin of alloy coniposition. The turnover
frequency N,. is defined as the nurnber:of molecules of F1 2
 teacted per
surface palladium atom per second. The turnover frequency Nisdeternuned
with respect to allsurfaceatoms, whethet they are .gold or palladium. After
(26)
palladium sites available for hydrogen adsorption, resulting in
increased activity in the H,-O, reaction. In this context it is
interesting to note thatsome of the oxygen adsorbed on palladium
(111) seemed to be adsorbed in form of a second, nonreactive state
which was not observed on palladium-gold (111) surfaces (28).
The adsorption and reaction of CO and O, on palladium-gold
alloy wires studied by Eley and co-workers (4, 8). In the reaction
between CO and 0, leading to the formation of CO„ apparent
activation energiesof about 9 kJoulelmole were found for gold-rich
alloys with an abrupt increase to about 120 to 170 kJoule/mole for
gold-palladium alloys containing less than 60 atomic per cent gold.
The reaction rate was lowest on gold-rich alloys in spite of the
extremely low activation energy. The observed kinetics indicated
that oxygen-adsorbing gold sites were saturated under the reaction
conditions and that probably only a small number of special sites
such as gold atoms at dislocations or perhaps even impurity atoms
were involved. It was suggested that the adsorption and reactivity
of the gold-palladium alloy wires associated with particular
Pd Au m surface atom ensembles where neighbouring atoms exert
electronic or ligand effects. The existence of ensembles of eight to
ten palladium atoms appeared to be the determining factor for CO
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adsorption and catalytic oxidation to CO, in the case of
palladium-rich alloys. The different behaviour of the gold-rich
alloys was ascribed to a different mechanism involving perhaps a
small number of gold defect sites (8).
Infra-red spectra of adsorbed carbon monoxide on a series of
gold-palladium alloys (29) showed a high frequency band at 2070
to 2095 cm that could be assigned to linear CO adsorption on
single palladium atom sites and a band at lower frequency (1870 to
1925 cm') corresponding to CO adsorption on multiple
palladium atom sites. A band due to CO adsorbed on gold sites was
detected at 2115 cm'. Addition of gold to palladium resulted in a
linear decrease of the intensity of the CO band on single palladium
atom sites, while the band due to CO adsorption on multiple
palladium sites showed a quadratic decrease in band intensity as a
function of gold concentration. These results were interpreted in
terms of a ligand effect influencing the position of the high
frequency band, while the changes in band intensity were indicative
of an ensemble effect. Ligand effects were also invoked to explain
amaximum in the specific rate of propanol formation from acetone
on palladium-gold catalysts with about 50 atomic per cent gold (30).
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Numerous studies have been devoted to the activity of
palladium-gold catalysts in the hydrogenation of unsaturated
hydrocarbons and in the dehydrogenation of saturated
hydrocarbons. While the addition of copper or silver to palladium
resulted in a drop in benzene hydrogenation activity, gold
reportedly did not cause any loss in activity (31, 32) regardless of the
method of deposition of the two metals on the surface of the silica
support. In fact, in one instante where the catalyst contained 0.2
per cent palladium and gold was deposited jointly with palladium,
the benzene hydrogenation activity increased with increasing gold
content and went through a maximum at intermediate gold levels
(31). Similar activity trends were observed in the dehydrogenation
of cyclohexane on the same catalysts (33). On a palladium-nickel
tube whose external surface was covered by gold, cyclohexane was
dehydrogenated into benzene; the hydrogen formed in the course
of the dehydrogenation reaction did not desorb into the gas phase
but diffused through the palladium membrane and hydrogenated
cyclohexene to cyclohexane (34). These findings agreewith Barlier
experiments in which atomic hydrogen was supplied via diffusion
through a palladium-silver membrane to a gold surface upon which
cyclohexene was hydrogenated to cyclohexane (35, 36).
On palladium-gold alloys in the form of microspheres, a
pronounced increase in specific activity for the hydrogenation of
cyclopentene was fou nd with a maximum at a gold content of about
50 atomic per cent (37). However, when palladium and gold were
dispersed on alumina, a different behaviour was found (see Figure
2 taken from (37)). In the latter case, the surface of the metal
particles might not have been in equilibrium with the bulk.
O'Cinneide and Clarke, however, found that gold-palladium films
lost their activity for deuteration of benzene and for hydrogenation
ofp-xylene when the gold content exceeded about 50 per cent (38)
while the activity for deuterium exchange of hydrogen atoms on the
benzene ring persisted (38, 39) although with significantly lower
rates at high gold contents.
Already in 1957, a patent was granted to Dow Chemical Co. for
the selective hydrogenation of acetylene to ethylene on catalysts
containing palladium and a group Ib metal (40). These catalysts
proved to be useful for removing acetylene from mixtures
containing acetylene and ethylene. On unsupported gold-
palladium powders, Visser etal. (41) observed that the activity for
hydrogenation of acetylene and cyclopropane passed through a
maximum as a function of alloycomposition. Rushford and Whan
(42), on the other hand, found a dramatic decrease in activity for
hydrogenation of dimethylacetylene as afunction of gold content.
Typically, gold additions induced activity losses in hydrogenolysis
reactions, such as the hydrogenolysis of hexane (41). In the latter
reaction, however, the selectivity for methylcyclopentane formation
seemed to increase as a function of gold content (41). A decrease in
activity for isomerization and hydrocracking of hexanes was also seen
on alumina-supported gold-palladium catalysts; there was,
however, no major change in selectivity observed (43). In the gas-
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phase hydrogenation of butadiene on supported gold -palladium
catalysts, gold seemed to have only a small effect on the mechanism
of the hydrogenation (44). Interestingly, both the selectivity for
1-butene formation and the apparent activation energies showed
a sharp maximum at gold contents of 65 to 70 atomic per cent.
Alloys containing more than 70 percent gold seemed to behave like
alloys in the 0 to 60 per cent gold range which fell on the other side
of the maximum. At low gold concentrations, the palladium-gold
alloy exhibits paramagnetic behaviour due to the presence of
unpaired electrons. According to the then widely accepted rigid-
band theory (6), gold atoms would contribute electrons to the
partially unoccupied d-band of the alloy until at gold levels of 50
to 60 atomic per cent the d-band of the alloy would be completely
filled. Consequently, all the electrons in the d-band would be paired
resulting in a transition from paramagnetic to diamagnetic
behaviour. The similar catalytic behaviour of alloys on both sides
of the maximum in spite of the locs ofparamagnetism in the gold-
rich alloys with more than 70 per cent gold indicated that the simple
electronic theory of catalysis based on the rigid-band model was not
adequate to describe the observations.
Othér examples of the influence of gold on selectivity relate to
gold-palladium/alumina catalysts developed by Sinfelt and co-
workers at Exxon Research and Engineering Company (45, 46).
When heptane and hydrogen were passed at 454°C and 14.6
atmospheres pressure over catalysts containing 0.6 weight percent
palladium and 0.1 to 1.2 weight per cent gold, the selectivity to
Cl-C6 alkanes and toluene decreased as afunction of gold content,
while the selectivity to methylhexanes and dimethylpentanes
increased steadily from 50 per cent on pure palladium to 80 percent
on the gold-rich catalyst. The conversion of n-heptane did not show
any clear trend as afunction of gold content. Monometallic gold had
much lower activity than the bimetallic catalysts and gave high
selectivity (>75 per cent) to Cl-C6 hydrocarbons (45). Under
similar reaction conditions, addition of gold to palladium resulted
in increased selectivity for the conversion of methylcyclopentane to
benzene (46). The elucidation of the role of gold in these catalysts
is complicated by the fact that the acidic sites of the alumina support
contribute to the activity via bifunctional catalysis. Nevertheless,
there seems to be a general trend for gold drastically to decrease the
hydrogenolysis activity of group VIII metals without affecting the
activity for dehydrogenation and isomerization to a significant
extent. This behaviourcan be exploited in catalytic reforming (47)
and hydrocracking processes (48). Gold seems also to be beneficial
in isomerization reactions of pinene (49).
The decomposition of formic acid on gold-palladium alloy films
was reviewed by Moss and Whalley (50). An abrupt change of the
apparent activation energy with alloy composition was observed (3,
51), reminiscent of similar observations in parahydrogen conversion
(2) (see Figure 3). In the parahydrogen conversion, the abrupt
increase in activation energy occurred at 40 atomic per cent
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d-band in the alloy (2). In the formic acid decomposition, however,
the increase in apparent activation energy took place at around 60
atomicpercentpalladium (3, 51). In an attempt to reconcile these
results with the then prevailing rigid-band theory, Eley and Luetic
attributed this discrepancy to different site requirements for the
activated complex in the two reactions (3). Later on, in a study of
hydrogen peroxide decomposition on gold-palladium alloys, it was
realized that the correlation of activity with holes in the d-band of
the alloys was not fully justified and that large changes in activity
could result from differences in surface pretreatment and oxygen
surface coverage (52). In gold-palladium alloys supported on
alkaline earth carbonates, gold seemed to increase the catalytic
efficiency in the hydrogen peroxide decomposition, in contrast to
silver which acted as a catalyst poison (53, 54).
The patent literature contains numerous claims concerning the
use of bimetallic palladium-gold catalysts, usually supported on
silica, for the industrial scale production of vinyl acetate from
ethylene and acetic acid in presence of oxygen (55-74). In some cases,
alumina (65), tin dioxide (62), or a zinc spinel (66) is used as catalyst
support instead of silica. Typical catalysts contain about 0.7 to 1.6
per cent palladium and 0.2 to 0.5 per cent gold along with several
weight per cent of alkali metal carboxylates. In a few instances,
chlorine (62) or uranium (66) are added. The reaction is carried out
in the gas phase at temperatures of 140 to 190°C and at pressures
of 6 to 11 atmospheres. Typical feedstreams contain 60 to 70 ethylene
/ 20 to 30 acetic acid / 6 to 10 oxygen per cent and the balance in
form of inert gases. Vinyl acetate is obtained in high yields with
carbon dioxide as a by-product. Addition of 10 per cent methane
to the feed stream tends to increase the lower explosion limit and
thus allows a higher oxygen concentration resulting in an increased
vinyl acetate space-time yield (68). While the role of gold is not
entirely clear, large increases in catalytic activity are observed in
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bimetallic palladium-gold catalysts as compared with similarly
prepared palladium catalysts without gold (62).
In a comparative study of the gas phase synthesis of vinyl acetate
at 190 to 120°C and 6 atmospheres on various bimetallic palladium
catalysts, it was found that the yield, the selectivity and the ethylene
conversion decreased in the catalyst order palladium-
gold> palladium-RE> palladium-cobalt> palladium-
rhodium> palladium-ruthenium, where the symbol REstands for
rare earth elements (75). The palladium-gold catalysts used for the
production of vinyl acetate which show signs of deactivation after
a prolonged time on stream can easily be regenerated by treating
them with aqueous solutions of sodium acetate (76, 77) or by a more
involved multistep process (78).
Other olefins and carboxylic acids can be su bstituted for ethylerve
and acetic acid, respectively, to prepare avariety of u nsaturated esters
of carboxylic acids (60, 64, 66, 84). Gold-palladium/potassium
acetate catalysts supported on silica can also be used to prepare
phenyl acetate from benzene and acetic acid in a N, /O, gas stream
(79). Similarly, benzyl acetate can be obtained by passing a gas
mixture containing toluene and acetic acid in presence of oxygen
and water over a catalyst containing palladium and gold (80),
Acyloxyalkenes react with acetic acid and oxygen in presence of
fluidized catalysts containing 1 per cent palladium, 0.4 percent gold
and 3 per cent potassium to give diacyloxyalkenes (81). These
products have fungicidal, nematocidal and bactericidal properties.
When lower alkyl acetals are brought in contact with a catalyst
containing 1 per cent palladium, 0.4 per cent gold and 6 per cent
potassium acetate, they undergo a cleavage into unsaturated ethers
at a temperature of 300'C(82). Bimetallic gold-palladium catalysts
can also be used to eliminate formic acid impurities from acetic acid
(83), and for the formation of propionaldehyde from allyl alcohol
which in turn is obtained via hydrolysis of allyl acetate (85).
Palladium-gold catalysts have also found applications in the
production of butyrolactones (86), ethylene glycol (87), and
deoxy-5-hydroxytetracycline (88), and have been shown to have




does not seem to exist in the case of silica-supported platinum-gold
catalysts. If, on the other hand, the two metals do not segregate,
then gold on the platinum surface causes ensemble effects. Such
effects are manifested, for example, in changes in carbon monoxide
adsorption (115, 140) orin the product distributions in cyclopentane
deuteration (116), n-hexane conversion (140) and cyclohexane
dehydrogenation (117, 141).
The isomerization, dehydrocyclization and hydrogenolysis
reactions of n-pentane and n-hexane were investigated on gold-rich
alloys supported on silica (118). While pure platinum catalysts
favoured mainly isomerization reactions via a bond-shift
mechanism, alloys with about 10 percent platinum showed mainly
dehydrocylization and some isomerization activity via a cyclic
intermediate, a behaviour reminiscent of highly dispersed
platinum. Isomerization reactions via a one-site carbonium ion-like
mechanism seemed to become predominant in extremely diluted
alloys containing less than 4 per cent platinum. Clarke, Kane and
Baird, on the other hand, found no detectable cyclization activity
in the n-pentane/hydrogen reaction on a silica-supported gold-
platinum catalyst containing 10 per cent platinum (119). This
catalyst, however, seemed to have only a very small amount of
platinum on the surface because it had almost negligible hydrogen
chemisorption capability. Reduction of the platinum-gold catalysts
in hydrogen gave generally higher activity in n-hexane conversion
than reduction in hydrazine (94). The hydrazine reduction seemed
to lead to the formation of a platinum-rich phase enveloped by a
gold-rich phase. Equilibrium surface enrichment by gold requires
a suitable thermal treatment; once gold is on the surface it tends to
behave more or less as an inert diluent, although some spillover of
atomic hydrogen from platinum sites onto gold sites can occur (106).
Skeletal reactions of hydrocarbons on platinum can be strongly
influenced by addition of gold (120). The isomerization of
neopentane goes through a maximum at intermediate gold
content, a result that can be explained on the basis of ensemble
Fig. 4 Fractión of jeopeatane reactin by isomerization at 59319 a
funcnonof the wnole ftactïon ofsudace p^ asplatinum .X ,.n siiicá-supported
plaunwn gold catalysts Ak (121)
The platinum-gold system forms a continuous series of solid >
solutions only atveryhigh temperatures. Below 1150°C, the mutual
solubility of the two elements decreases resulting in a miscibility 	 §'
gap. Within this miscibility gap, a gold-rich phase coexists with a
platinum-rich phase (92, 93). The stnrcture and surface
composition of bimetallic gold-platinum catalysts, and whether or 	 1
not equilibrium conditions and alloy formation are achieved,
depends uponthe details of sample preparation and pretreatment
(94-113). Depending on the nature of the catalyst support used,
repeated oxidation/reduction cycles can lead to massive differences
in selectivity which might be due to the segregation of platinum
(114). This phenomenon which was observed on alumina supports 
X(8rw
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effects and availability of adsorbed hydrogen (121) (Figure 4). In the
case of isomerization of n-butane on alloy films, significant amounts
of n-pentane were found at temperatures above 300 °C in addition
to the expected isomerization and cracking products (122). The
authors attributed this unusual catalytic behaviour to an apparent
disproportionation of n-butane.
In experiments on platinum-gold foils, gold addition caused
selectivity enhancements for isomerization reactions of alkanes due
to more pronounced suppression of hydrogenolysis and
dehydrocyclization reactions (123). After depositing one monolayer
of gold on top of a Pt (100) single crystal surface, amassive increase
was observed in the rate of cyclohexene dehydrogenation to benzene
(124) (Figure 5). Interestingly, a similar effect was observed when
one or two monolayers of platinum were deposited on a Au (100)
surface which, by itself, was totally inactive under the experimental
conditions (124). According to the authors, gold could block
platinum surface sites required for breaking of carbon-carbon
bonds, thus preventing surface deactivation by carbon deposition.
When gold is deposited on top of a platinum (100) surface, it
experiences a slight contraction in atomic distantes bringing the
gold atoms into precise registry with the platinum atoms
underneath. It was proposed that cyclohexene could bond to the
platinum atoms in the second layer through the relatively large
hollows in the square lattice of the gold surface monolayer.
When gold was deposited on platinum (111) single crystal
surfaces which were subsequently annealed to form a surface gold-
platinum alloy, large increases in the isomerization rate ofn-hexane
were found while hydrogenolysis and aromatization rates decreased
with gold concentration (140). The enhancement of the hexane
isomerization rate was believed to be due to changes in bonding of
the hydrocarbon caused by either charge redistribution or geometric
effects of the platinum clusters.
The activity ofplatinum-gold catalysts in the hydrogenation of
benzene showed a maximum at about 5 atomic per cent gold; larger
gold contents caused a decrease in activity and at 75 atomic per cent
gold no detectable activity remained (125). A similar maximum in
activity was found in the hydrogenation of ethylene on
monodisperse platinum-gold sols (98). A catalyst containing 62 per
cent gold showed a 2.5 fold increase in activity over one of pure
platinum. According to the authors, this maximum might be
associated with a cluster of two gold atoms and one platinum atom.
The rates of catalytic dehydrogenation ofpropane to propene over
platinum-gold powders containing up to 14 atomic per cent
platinum declined almost linearlywith decreasing bulk platinum
content (126). The authors suspected that only one platinum atom
is involved in the rate determining step and that there is no
fundamental differente in the reaction mechanism on the alloys
versus pure platinum. The surfaces of the diluted platinum-gold
alloys seemed to be depleted of hydrogen compared with a pure
platinum surface, as evidenced by differences in the reaction order
with respect to hydrogen.
GOLD MONOLAYERS
Fig. 5 Rate of cyclohexene dehydrogenation to benzene as a function of




In a study of hydrogen transfer between benzene and
cyclohexane, one series ofplatinum-gold catalysts with a total metal
loading of 0.7 per cent behaved like monometallic platinum,
irrespective of overall composition, while a similarly prepared series
of bimetallic catalysts with higher total metal loading bu t constant
platinum loading of 0.7 per cent showed an increase in activity as
a function of gold content (100) (Figure 6). The two catalyst series,
Fig. 6 Rate constant, k, °,
for hydrogen transfer
between benzene and
cydohexane at 205°C as 'a
function of overall catalyst
composition for two
different series of silica-
supported platinum gold
catalysts. The squares refer
to the catalyst series with
constant platinum loading
of 0.7% and varying
amounts ofgold up to a total
metal loading of6.13%; the
cirdes refer to the catalyst
series with constant total
metal loading •of 0.7%.
After (100)
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had, however, the same specific activity in the H,-D, equilibration
reaction (100) and in the transfer of oxygen between carbon
monoxide and carbon dioxide (127). The authors suggested that the
effect of gold on the catalytic activity of platinum could be related
to subtle electronic interactions depending on differences in particle
morphology and composition. Also, the nature of the support was
found to play a major role in rendering gold more active. Ina recent
review article, Guczi has pointed out that the observed increase in
activity for hydrogen transfer between benzene and cyclohexane
could also arise from a gold-induced inhibition of self-poisoning
reactions on active platinum sites (128). In fact, Sachtler and
Somorjai clearly demonstrated that gold deposited on Pt (111) single
crystal surfaces caused a reduction of the self-poisoning of platinum
in the catalytic dehydrogenation of cyclohexane to benzene
resulting in significantly enhanced rates (141).
Such poisoning events made it rather difcult to make an exact
comparison of the catalytic activity and selectivity when mixtures
of hydrogen and butanol were passed over silica-supported
platinum-gold catalysts (129). It seemed that the selectivity for
dibutyl ether formation was only marginally influenced by alloying;
very diluted alloys containing less than 14 per cent platinum
behaved more like gold.
Ruthenium-Gold
Ruthenium and gold are for all practical purposes immiscible in
the bulk state (93, 130). Nevertheless, the two metals seem to
undergo interactions when they are in astate of high dispersion on
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typical catalyst support materials, and an extensive effort has been
made to correlate the activity of these bimetallic catalysts with their
morphology, structure and composition (131-138). Two series of
ruthenium-gold catalysts with varying gold content were prepared,
one series supported on silica, the other on magnesia. On magnesia
supports, an enrichment of ruthenium on the surface was found
(133, 135) in contradiction to the general tule that the group Ib
metal segregates at the surface. The magnesia-supported catalysts
also showed some rather peculiar behaviour in the structure-
sensitive hydrogenolysis of ethane (135) and in the carbon monoxide
hydrogenation (138).
Figure 7 shows a comparison of the specific activity of ruthenium
in both reactions for the silica- and magnesia-supported catalyst
series. The magnesia-supported catalysts exhibit a maximum in
turnover number at intermediate gold content, while the activity
of the corresponding silica-supported series falls with increasing
gold content. These activity trends, though they may appear
contradictory at first glance, can be explained on the basis of
analytical electron microscopy results (138), which demonstrate that
the silica-supported catalyst series has a bimodal particle size
distribution. There area few large, monometallic gold particles with
a diameter of more than 15 nm, and then many small (less than 4
nm diameter) particles which contain all the ruthenium plus a trace
of gold. The decrease in activity can be correlated with progressive
dilution of ruthenium ensembles by gold. The preferentially
ruthenium-rich composition of the small bimetallic particles found
by analytical electron microscopy is not necessarily out of tune with
the gold-ruthenium phase diagram with its miscibility gap. The
small trace of gold can easily be accommodated in less than a
monolayero£gold atoms that are'adsorbed' on the surface of small
ruthenium particles (139).
In the magnesia-supported ruthenium-gold catalyst series, no
such bimodal particle size distribution was observed. Instead,
particles ranging in size up to 15 nm and containing both metals
were found, along with monometallic ruthenium and
monometallic gold particles.
The major contribution to the metal surface area in the catalysts
with low and intermediate gold contents, which exhibited the
unusual increase in specific activity, sterns from particles in the size
range of 5 to 15 nm. Analytical microscopy of these particles gave
results which do not conform with what could be expected if the
particles were formed by 'adsorp tion' of up to a monolayer of gold
on the ruthenium surface. True alloy formation, on the other hand,
does not appear to be very likely since it would require a violation
of the bulk immiscibility. Indirect evidente indicates that these
particles might be composites of monometallic gold anc4
monometallic ruthenium: in a temperature programmed
reduction (TPR) study it was discovered that on magnesia metallic
gold can form before ruthenium is reduced to asignificant extent,
while on silica the two metals get reduced in the same temperature
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gold content is not necessarily due to a promotional effect on gold,
but can be explained on the basis of support effects: magnesiaexerts
a negative support effect on monometallic ruthenium, as can be
seen by the comparison with the ruthenium/silica catalyst in Figure
7. In the bimetallic catalyst, some of the ruthenium might get
deposited on top of gold rather than on activity-suppressing
magnesia and thus part of the intrinsic activity of ruthenium is
restored. The magnesia-supported catalyst with high gold content,
however, shows a decrease in specific activity similar to the ene seen
in the silica series. Incidentally, this catalyst has a morphology
reminiscent of the silica series, with a bimodal partiele size
distribution and all the ruthenium located within small particles,
less than 4 nm in diameter.
Conclusions
Bimetallic catalysts can be rather non-uniform and can show
massive variations in catalyst morphology and in partiele
composition, at least in systems with limited bulk miscibility of the
metal components. In order to arrive at meaningful interpretations
of trends in catalytic activity as a function of overall composition,
it is important to identify which kind of particles make the largest
contribution to the metal surface area and thus carry the main
burden of catalytic action. The nature of the support and the
preparative conditions play a decisive role in determining the
microstructural characteristics of the active catalyst surface. In many
instances, gold seems to act more or less as an inert diluent, and
ensemble or cluster effects seem to dominate the catalytic
behaviour. These ensemble effects can be utilized to manipulate
catalytic selectivity. Presence of gold can under certain conditions
also influence the rate of self-poisoning of the active component and
can cause changes in surface coverage of adsorbed species, resu lting
sometimes in apparent increases in specific activity.
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Enhanced Bonding of Gold Films by Ion-Assisted Deposition
One of the basic criteria to be satisfied in thin-film technology
isstrong adherence of the film to the substrate. Many applications
of thin gold films on different substrates are to be found in this
technology, and the achievement of good reproducible adhesion
between gold and the substrate, in particular glass, still presents a
problem on which much work isstill being done. One method which
has frequently been used to improve the adhesion of films is that of
oxygen glow-discharge cleaning of the substrates before the
deposition of gold. However the role of oxygen in the process has not
been satisfactorily explained, and variable results are often obtained.
Recent work on the development of the technique of ion-assisted
film deposition by P.J. Martin, W.G. Sainty, R.P. Netterfield and their
co-workers at the Division of Applied Physics, CSIRO, Australia (J.
Appl Phys., 1984, 55, 235 and Appl. Opt., 1983, 22, 178) has
enabled thin film properties, particularly refractive index and
density, to be modifiedsubstantially. In addition, Martin, Sainty and
Netterfield have reported (Appl. Opt., 1984, 23, (16), 2668-2669)
on their experiments in which thin films of gold no polished glass
substrates were deposited by ion-assisted electron beam evaporation,
and the adhesion of the films examined.
In this vork the films ( --100 nm thickness) were deposited (a)
without ion assistance, (b) underargon-ion bombardment, and (c)
using oxygen-ion bombardment. Gold film adhesion was measured
by scratch testing using a diamond stylus with a radius of either 65
or 250 micrometreswith film failure being defined aspartial or total
removal from the 15 mm scratch track.
The results of this work clearly showed that oxygen-ion assisted
gold deposition yielded films with adhesion levels markedly above
those formed by normal electron beam evaporation - one to two
orders of magnitude improvement are quoted in this work. One
undesirable feature of oxygen-ion assisted gold film deposition is
the characteristic brown colour of the film leading to some reduction
in the film reflectance. The authors have overcome this problem by
switching offtheoxygen-ion beam once a continuous film has been
formed, and continuing gold evaporation to final film thickness. By
this means high adhesion without loss in reflectance is achieved.
Argon-ion assisted gold deposition shows little or no
improvement in film adhesion and the authors suggest that the
mechanism by which adhesion is increased with the use ofoxygen-
ion assistance involves the formation of a stable compound at the
point of film formation which honds the gold film to the substrate.
The brown colouration of the gold film may also, of course, suggest
some formation of gold oxide.
The success of this work is a welcome addition to the literature
describing the ongoing effort to improve the adhesion of gold films
for use in thin film technology. c.i.
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